Introduction
Since anterior cruciate ligament (ACL) reconstruction procedures are increasing worldwide, it is vital to assess which methods of reconstruction are most likely to yield the best long-term functional outcomes. Single-bundle ACL reconstruction using a transtibial (TT) approach is the most traditional and popular technique used by orthopedic surgeons (1, 2) . However, given that the femoral drilling is done through the initially constituted tibial tunnel, not through an independent medial portal, nonanatomically positioned femoral tunnels are seen more frequently with the TT technique.
Radiological tunnel expansion after ACL reconstruction has been reported in a number of studies (1) (2) (3) (4) . Although various factors have been blamed in the literature, the etiology of this condition has not been fully clarified yet. These factors include tunnel position, abnormal graft movement inside the tunnel, inflammation caused by excess bony fragments, ethylene oxide remnants, and antigenic reaction with freshfrozen allografts (4) (5) (6) . During an ACL reconstruction, tunnels in the TT technique are more perpendicular to the axial plane of the femur and tibia than those in the anteromedial (AM) technique (7) . AM drilling of the femoral tunnel is performed independently from the tibial tunnel, which enables a more horizontal positioning of the femoral tunnel (8) . After the TT approach, mechanical alignment between the femur and tibia may not be built up, and inserted graft material may create mechanical disadvantages in the femur and tibia (9) . Unsatisfactory results have been presented in some reports (10) (11) (12) . In this study, we used functional evaluation methods to compare tunnel diameter expansion measurements after ligament reconstruction with the TT and AM techniques among patients diagnosed with ACL tears.
The purpose of this study was to compare radiological and functional outcomes of patients who had single-bundle ACL reconstruction with autologous hamstring tendon grafts using the TT technique versus the AM technique. We hypothesized that cases with tunnel placement closer to the anatomic position would lead to more stability, higher functional scores, and less tunnel enlargement.
Materials and methods
This study was designed as a nonrandomized prospective trial. A total of 67 patients were enrolled according to the following inclusion criteria: 1) ACL reconstruction with a single-bundle hamstring autograft, 2) no additional ligament injury, 3) no meniscal injury, 4) no history of contralateral knee injury, 5) age between 16 and 45 years, and 6) no history of systemic disease. The initial 33 sequential patients meeting the criteria with ACL rupture were operated on by TT technique (Group A) between 2008 and 2010, and 34 by AM technique (Group B) from 2010 to 2013. Seven patients did not complete the follow-up assessments. Thirty patients in each group completed the follow-up period. All procedures were performed using the arthroscopic technique by the same physician group. Ipsilateral hamstring tendons (musculus semitendinosus and gracilis) were used as sources of grafts. The demographic characteristics of our patients are summarized in Table 1 . Institutional review board approval was provided for the study.
Surgical technique
Upon confirmation of the diagnosis of ACL rupture through standard knee arthroscopy portals, the presence of additional intraarticular pathologies was assessed. The ipsilateral hamstring tendons were harvested and converted into quadruple groups. Femoral and tibial tunnels were constituted suitably with the footprints of ACL on the lateral femoral condyle and tibial plateau in the AM technique. In the TT technique, tibial tunnels were modified to be able to constitute femoral tunnels starting from the nearest point to the footprint of the ACL on the lateral femoral condyle (13) . In Group A, Transfix (Arthrex, Naples, FL, USA) was used to perform graft fixation in the femoral tunnel opened through the tibial tunnel ( Figure  1 ). In Group B, the femoral tunnel was prepared by using a low anteromedial portal, and graft fixation was performed with an incision on the lateral aspect of the distal femur using 5.0 Ethibond sutures bound to a 6.5-mm AO screw ( DePuy Synthes, West Chester, PA, USA) placed in a 30° proximally directed position, as seen in Figure 2 , thus tightening the loose Ethibond suture attached to the graft as the screw advanced into the femur. In the tibial aspect, sequential fixation was performed with an interference screw in the tunnel and staple on the cortex in both the TT and AM techniques (Figure 2 ).
Rehabilitation
Weight-bearing of patients was allowed on their operated site from the first day of operation onwards as long as they could tolerate the pain. During the first 6 weeks knee flexion to 90° and after 12 weeks knee flexion at 120° or more was permitted. During the first 3 months, an adjustable hinged knee brace was used. After 8 months, patients were permitted to return to any sports activities that they were participating in before injury after a thorough physical examination and assessment.
Evaluation
For radiological evaluation, anteroposterior and lateral knee radiographs were obtained with patients standing on their feet at the 12th month of follow-up to visualize tunnel locations and measure the expansion of tunnel diameters with digital calipers. The expansion of tunnels was determined in percentage based on the tunnel diameters constituted during the surgery. At control visits, anteroposterior and rotational stabilities were assessed with Lachman and reverse pivot-shift (rPS) tests. For anteroposterior stability comparison between operated and contralateral sides, Rolimeter arthrometer measurements were performed. Lysholm, International Knee Documentation Committee (IKDC), and Tegner activity scores were calculated for functional assessment.
Statistical analysis
All statistical analyses were performed with SPSS 20.0 (IBM Corp., Armonk, NY, USA). P < 0.05 was accepted to be significant. For distribution analysis, the Kolmogorov- Smirnov test was used. Paired samples t-tests were used for evaluation of Lysholm-IKDC-Tegner activity scores before and after the operation. The Fischer exact test was used to assess Lachman results, rPS results, and tunnel positions radiologically.
Results
When we evaluated tibial tunnel positions with lateral radiographs (according to the Amis Jakob line (14)), the anteroposterior diameter of the tibial tunnel in Group A was 45.32 ± 3.45% while it was 37.76 ± 5.0% in Group B. The tibial tunnel was more anteriorly placed in Group B while it was more posteriorly placed in Group A. There was no significant difference between Group A and Group B in terms of tibial tunnel expansion in the sagittal plane (P = 0.07); however, Group A had significantly higher femoral tunnel expansion in the sagittal plane (P = 0.001). When compared, Group A had significantly higher tibial and femoral tunnel expansion in the coronal plane (P = 0.01 and 0.001, respectively), as shown in Table 2 . For the stability tests, arthrometric measurement results with the Rolimeter were 1.15 ± 0.94 and 0.65 ± 0.49, respectively. When statistical comparison was made, the Rolimeter value was significantly higher in patients who underwent operation with the TT technique (P = 0.013) ( Table 2 ). During follow-up, Lachman and rPS values were significantly higher in Group A (P = 0,001 and 0.049, respectively) ( Table 2) .
For the functional tests, statistical comparisons showed that Group B had significantly higher Lysholm knee scores (P = 0.001). In addition, both groups had higher Lysholm knee scores during follow-up compared to preoperative Lysholm scores (P = 0.001) ( Table 2 ). Preoperative IKDC knee evaluation scores showed no significant difference between Groups A and B (P = 0.079). Both groups had higher IKDC knee evaluation scores during follow-up when compared to preoperative values (P = 0.001) ( Table  2) . Statistical comparisons showed no significant difference between groups during follow-up in Tegner activity scores (P = 0.151) ( Table 2 ).
Discussion
It is believed that normal knee kinematics and function can be better restored with anatomical ACL reconstruction. Biomechanical and clinical studies also showed that natural ligament orientation and anatomical restoration can help in obtaining natural knee kinematics and stability (15) (16) (17) (18) (19) . With the traditional TT technique for ACL reconstruction, the tibial tunnel is placed more posteriorly than its anatomical position, and the femoral tunnel is placed more superiorly and anteriorly. The success rate of single-band ACL reconstruction in the literature is between 69% and 95% (9,18). The reason for unsuccessful cases seems to be nonanatomical placement of the graft. If ACL reconstruction is not done considering the anatomical points, residual rotational instability may remain in spite of the restoration of the anterior-posterior stability (5) . Femoral tunnels in more oblique orientations would better control excessive tibial rotation, which is the most common problem seen after ACL reconstruction (12) . Anatomically placed tibial and femoral tunnels have obtained a consensus in the literature for providing the preferred results, but techniques to achieve this goal are highly debated. Some laboratory and clinical studies showed the biomechanical superiority of ACL reconstruction with anatomical femoral tunnel positioning (6, 7, 11, 14) . Moreover, some researchers stated that femoral tunnel obliquity and restoration of the ACL footprint on the femoral side could be obtained as in the AM technique with the TT technique (15) . In most biomechanical studies, minimal alterations in femoral tunnel position led to significant changes in postoperative graft isometry and knee stability (17, 18) . Experienced surgeons can open the femoral tunnel into the ACL attachment site using the TT technique, but the position of the tibial tunnel would be more posterior, which leads to a more perpendicular graft position and at least 15° of graft deviation from the mean sagittal tunnel obliquity (19) . It was previously recommended that in order to prevent compression owing to the vertical graft alignment in the TT technique, the tibial tunnel should be opened more posteriorly (19) . However, in comparison with the femoral tunnel, nonanatomic positioning of the tibial tunnel does not affect the stability. Studies have shown that not only the femoral tunnel and the localization of the tibial tunnel are important for the rotational stability of the knee, and anatomically correct positioning of the tibial tunnel has been reported to support knee joint kinematics (20) . Just as Purnell et al. (13) described, we endeavored to set the posterior border of outlet openings of tibial tunnels on the tibial plateau as the ridge between the medial and lateral tibial eminences. However, we felt obliged to concede this anatomic location for the sake of proper femoral tunnel drilling.
In previous studies, preparation of femoral tunnels through the tibial tunnels might have caused expansion of tibial tunnels (13) (14) (15) (16) . In our study, a statistically significant difference in tibial tunnels was detected in Group A. Moreover, Group A had a statistically significant difference also in the femoral side. The AM technique enabled the formation of a more horizontal femoral tunnel when compared with the TT technique, and in the former one, applied forces to the tunnel walls by graft material were higher, which increased expansion.
In our study, we compared and evaluated tibial translation and rotational stability by Lachman test, Rolimeter arthrometer, and rPS tests. Patients who were operated on using the TT technique had significantly higher values for all three parameters. We think that this loss of stability is due to posterior displacement of the tibial tunnel while trying to obtain appropriate femoral tunnel positioning and thus losing the oblique alignment of the graft, which later prevents obtaining appropriate knee kinematics caused by vertical graft placement. In the literature, it is emphasized that knee stability kinematics were contributed by not only the tunnel placement but also by the fixation technique and size of grafts (21) . Since anatomically placed grafts mimic the native ACL better, natural knee kinematics are better supplied and degeneration risk decreases. In a study by Abebe et al., grafts placed vertically in the sagittal plane needed more power to endure anterior forces (22) . In our study, patients who were operated on using the TT technique were more unstable. Albeit with clinical insignificance, the AM technique was more stable, and normal knee kinematics with the TT technique could not be reliably obtained, which might be due to the application of more vertical grafts. Reconstructions with insufficient stabilities and normal knee kinematics increase the longterm risk of osteoarthritis and are associated with a higher risk of insufficiency (22) . Anteroposterior and rotational stabilities were superior in our patients operated on with the AM technique. Patients operated on with the TT technique had significantly higher Rolimeter and rPS values (P = 0.013 and P = 0.049, respectively) ( Table 2) . Similar results showing more rotational stability and less laxity with the AM technique were reported in the literature (10, 12, 23) .
Femoral and tibial tunnels opened during ACL reconstruction expand gradually starting in the early postoperative period. Discussion regarding tunnel expansion began in the early 1990s and has increased since then (24) . Most of the recent studies failed to demonstrate a correlation between tunnel expansion and clinical results (25, 26) . Many studies have documented that tunnel enlargement is an early phenomenon occurring within 3 months after ACL reconstruction (1) . Some researchers believe that tunnel expansion is an early manifestation of graft failure (26) . However, exerted forces from different angles might be an important factor in bony tunnel expansion. It is thought that the magnitude of these forces is related to the graft tunnel angle and intraligamentous tension (25) . In this study, we could find no correlation between tunnel expansions in the coronal and sagittal planes or between Rolimeter values and functional scores (Lysholm, IKDC, Tegner). Tunnel expansion constitutes a problem in revision cases because of difficulties in finding new tunnels (27) . Therefore, decreasing tunnel expansion would be helpful. In our study, patients operated on using the AM technique and having femoral tunnels opened independently from tibial tunnels via targeting the ACL footprint with an anatomical technique had significantly less femoral tunnel expansion in both the coronal and sagittal planes as compared with patients operated on using the TT technique, where the femoral tunnel is dependent on the tibial tunnel via targeting the natural ACL footprint with an anatomical technique. Different techniques for fixation of the graft within the femoral tunnel may affect the femoral tunnel expansion. On the other hand, with the TT technique, femoral tunnel expansion is expected to be less than that with the AM technique, thanks to the stability of the graft both longitudinally and in the transverse plane by virtue of intratunnel fixation rather than the extratunnel fixation used in the AM technique. According to follow-up results, we could not demonstrate a relationship between tunnel expansion and functional results; however, we think that long-term functional scores would decrease with instabilities caused by tunnel expansion and nonanatomic reconstruction.
There were some limitations of this study. The number of patients in each group was small. The follow-up period was short. CT or MRI was not used for measurement of tunnel enlargement, and we did not determine interobserver variation in the evaluation of radiographs. Another limitation was the difference in the modality of graft fixation to the femoral tunnel.
In conclusion, ACL reconstruction performed with hamstring autografts with either the TT or the AM technique demonstrated similar and excellent results in terms of functional outcomes. Radiographic findings demonstrated some increased bone tunnel enlargement in the TT group, which may have an uncertain long-term outcome compared to the AM group. Vertically placed grafts prevent anterior tibial translation, but rotational stability could not be achieved. This rotational instability may be a reason for graft failure and development of degeneration in the long term.
